Family-level taxonomy
Introduction
Polyporales is one of the most intensively studied clades of Fungi. According to MycoBank, there have been 577 taxonomic proposals in Polyporales from 2010 to 2017, including 42 new genera and one new family, Fragiliporiaceae (Zhao et al. 2015) . Over the same period, 2183 publications with the keyword 'Polyporales' are recorded in PubMed. As major wood-decay fungi, species of Polyporales are of interest to both fungal ecologists and applied scientists. The first species of Agaricomycotina to have its genome sequenced, the model white-rot fungus Phanerochaete chrysosporium, is a member of Polyporales (Martinez et al. 2004 ). The first brown-rot genome, Rhodonia (Postia) placenta, was also a polypore (Martinez et al. 2009 ). At present, there are 46 genomes of Polyporales hosted by the Joint Genome Institute MycoCosm portal , which is about 22 % of all 212 Agaricomycotina genomes, or about 6 % of all 772 fungal genomes. However, with roughly 1800 described species, Polyporales account for only about 1.5 % of all known species of Fungi (Kirk et al. 2008) .
Polyporales were sampled extensively in phylogenetic studies using ribosomal RNA (rRNA) genes (Hibbett & Vilgalys 1993; Hibbett & Donoghue 1995; Boidin et al. 1998; Larsson et al. 2004; Binder et al. 2005) . From such analyses, four informally named clades of Polyporales were recognized:/antrodia,/core polyporoid,/phlebioid and/residual (the/notation is used here to denote clade names; /antrodia is read as '(the) antrodia clade'), but support for these groups, and their interrelationships, was often lacking. Addition of protein-coding genes, including RNA polymerase II subunit 2 (rpb2), and translation elongation factor 1-a (tef1) was necessary to achieve strong support for monophyly of Polyporales as a whole, and many internal nodes (Matheny et al. 2007) .
The PolyPEET project (http://wordpress.clarku.edu/polypeet/), which was active from 2010 to 2016, focused on systematics of Polyporales. PolyPEET supported research on taxonomy of Trametes (Justo & Hibbett 2011; Carlson et al. 2014) , Phanerochaete (Floudas & Hibbett 2015) , Lentinus (Seelan et al. 2015) , and the brown-rot polypores (Ortiz-Santana et al. 2013; Spirin et al. 2013a,b) , as well as comparative genomics (Binder et al. 2013; Hibbett et al. 2013; Ruiz-Dueñas et al. 2013; Riley et al. 2014) , sapwood and foliar endophytes (which contain a surprising diversity of Polyporales; Martin et al. 2015) , and bioremediation (Young et al. 2015) . Binder et al. (2013) presented the most comprehensive phylogenetic analyses for Polyporales so far, including analyses of a 373-species, six-gene supermatrix, containing sequences from genes encoding rRNA (nrLSU, 5.8S, and nrSSU), RNA polymerase II subunits 1 and 2 (rpb1, rpb2), and tef1. Binder et al. also analysed ten Polyporales genomes, and performed phylogenetic informativeness profiling to assess the resolution afforded by individual genes. The analyses of Binder et al. upheld/antrodia,/core polyporoid,/phlebioid and/residual, with varying levels of support. Several lineages outside these major clades were also recovered. Phylogenetic informativeness profiling suggested that the RNA polymerase II large subunit (rpb1) is the most informative gene among those traditionally used in Polyporales systematics.
Unfortunately, it also turned out to be the least represented in public databases.
Polyporales is now well accepted as a strongly supported clade of Agaricomycetes . However, further taxonomic revision and general communication about Polyporales is hampered by the lack of a consensus classification within the group. As reviewed by Binder et al. (2013) , there are forty nomenclaturally valid family names in Polyporales, plus the new Fragiliporiaceae, although many names are rarely used. The present study continues where that of Binder et al. (2013) left off and evaluates the status of 37 of the legitimate family names available in the Polyporales. New molecular data were obtained from across the Polyporales, emphasizing rpb1 and focussing on taxa of phylogenetic and nomenclatural relevance. The new data were combined with sequences generated during the PolyPEET project and from other resources, including genomes, yielding a dataset with 292 species. A classification with eighteen families and four informal unranked clades is proposed, and the distribution of morphological, anatomical, physiological, and genetic characters that have been emphasized in prior taxonomy of Polyporales is reviewed.
Sequence alignment and phylogenetic analyses
To construct the final datasets we combined our newly generated nrITS, nrLSU, and rpb1 data with all previously generated sequences during the PolyPEET project. We then added rpb1 sequences of Polyporales available in GenBank (not coming from the PolyPEET project), and retrieved additional rpb1 data from the genomes available at MycoCosm for the following species: Dichomitus squalens, Ganoderma sessile, Heterobasidion annosum, Phlebia brevispora, Stereum hirsutum, Wolfiporia cocos. At this point we excluded all taxa without rpb1 from further analyses. For taxa represented by multiple nrLSU þ nrITS sequences in the nrDNA dataset, only one sequence set per taxon was included in the final 3-gene dataset.
The sequences were aligned using MAFFT v.7 (Katoh & Standley 2013 ; http://mafft.cbrc.jp/alignment/server/). The strategy FFT-NS-i was selected for nrLSU and rpb1, and the strategy Q-INS-i for nrITS, as they were deemed the more appropriate given the nature and size of the datasets. The alignments were edited and manually corrected using AliView (Larsson 2014) . For the combined datasets each gene was aligned separately and then concatenated. Three different datasets were assembled: rpb1-only, nrLSU þ nrITS and a combined 3-gene dataset.
For all datasets two different analyses were performed: (i) Maximum likelihood analyses (ML) were performed with RAxML v.8.2.8 (Stamatakis 2014) , under a GTR model with one hundred rapid bootstrap replicates; (ii) Bayesian analyses (BY) were performed with MrBayes v.3.2.6 (Ronquist et al. 2012) for 10 million generations, under a GTR model, with four chains, and trees sampled every 100 generations. Convergence of the separate runs was confirmed by checking the average standard deviation of split frequencies (Ronquist et al. 2012) . The initial burn-in phase was set to 2.5 million generations and after examining the graphic representation of the likelihood scores of the sampled trees, using Tracer (Drummond et al. 2012) , this burn-in value was confirmed to be an adequate value for all datasets. A fifty percent majority-rule consensus tree was computed using the remaining trees. Both ML and BY analyses were run at the CIPRES Science Gateway (Miller et al. 2010 ; http:// www.phylo.org/). In all analyses S. hirsutum and H. annosum (Russulales) were used as outgroup taxa.
A search for potential conflicts between the nrDNA (LSU þ ITS) dataset, and the rpb1-dataset was performed by comparing the resulting trees for each dataset, and looking for strongly supported positive conflict i.e., we looked for alternative topologies for the same taxon, on the different datasets, that were supported by at least 70 % bootstrap and one posterior probability. No strongly supported topological conflicts were detected between the datasets analysed in the present study.
Morphological, physiological, and genetic characters for each family were compiled from the monographic treatments of Bernicchia (2005) , Bernicchia & P erez-Gorj on (2010), Eriksson & Ryvarden (1973 , 1975a , Eriksson et al. (1978 Eriksson et al. ( , 1981 Eriksson et al. ( , 1984 , Gilbertson & Ryvarden (1986 , Hjorstam et al. (1987 Hjorstam et al. ( , 1988 , Rajchenberg (2011 ), Reid (1965 , Ryvarden (1991 Ryvarden ( , 2010 , and Ryvarden & Melo (2014) .
Results

New sequences and alignments
A total of 144 rpb1, 127 nrITS, and 67 nrLSU were generated in this study. The final rpb1-only alignment contains 292 ingroup taxa and 1612 total characters, with 1415 variable positions (87 %). The nrDNA alignment contains 310 ingroup, combined nrLSU þ nrITS sequences (some taxa appear more than once), and 2276 characters, with 1482 variable positions (65 %). The 3-gene dataset contains 292 ingroup taxa (no duplicated taxa), and 3888 characters, with 2897 variable positions (74 %).
All newly generated sequences are deposited in GenBank (Table 1 ). All alignment files, and associated tree files, have been deposited in TreeBASE (http://purl.org/phylo/treebase/ phylows/study/TB2:S20775).
Phylogenetic analyses
The best tree from the ML analysis of the 3-gene dataset is presented in Figs 1e9, including support values from the BY consensus tree, which did not differ significantly in topology. Support values mentioned in the text are presented as (ML/ BY).
The Polyporales can be subdivided into two main clades (Fig 1) : (i) a clade including/phlebioid,/residual and Candelabrochaete africana (82/1) and (ii) a clade including/core polyporoid,/ antrodia and satellite lineages (73/1). Ischnoderma resinosum appears as sister to this second clade, but with no support.
In Fig 2 we give an overview of the families that we recognize in the Polyporales. A family name is assigned to 18 clades recovered in the analyses, including three families described as new here. Three clades are only given informal names (/hypochnicium,/climacocystis and/fibroporia þ amyloporia). Candelabrochaete africana, Mycoleptodonoides vassiljevae, Auriporia aurea, and Tyromyces merulinus cannot be placed with certainty in any of the recognized families. Comments about the internal topology of each one of these families are given in the Taxonomy section.
Some minor topological differences exist between the trees from the analyses of the ribosomal-only and rpb1-only datasets with respect to the 3-gene dataset. These differences involve taxa that are particularly labile in all analyses: Candelabrochaete africana, Caudicicola gracilis, T. merulinus, M. vassiljevae, A. aurea, and I. resinosum. In all cases the different placements in the ribosomal-only and rpb1-only datasets are not strongly supported. The trees for the ML and BY analyses of the ribosomal-only and rpb1-only datasets are available at TreeBASE S20775.
Taxonomy
When deciding on the application of existing family names a pragmatic approach has been chosen, attaching the available names to well-defined and well-supported clades in the phylogenies. For areas of the phylogeny still in need of additional research we have chosen to use family names that are already published (e.g. Podoscyphaceae), acknowledging that Polyporales family-level classification defining their limits and composition will need further studies. In cases where no family name is available, or if they cannot be applied with certainty based on the current phylogenetic information (e.g. Laricifomitaceae), informal clade names are recommended until a better resolved phylogeny is available (e.g./hypochnicium,/climacocystis,/fibroporia þ amyloporia). Alternative taxonomic arrangements were considered, including adopting more broadly or narrowly defined families for all groups under study. Two representative examples of both cases are discussed in detail under Podoscyphaceae and Polyporaceae. When multiple family names with equal nomenclatural priority are available for the same clade we have chosen the name that has been more widely used.
The list of taxa belonging to each family (or clade) is based on the results presented here (Figs 1e9) , as well as the phylogenies of Binder et al. (2013) , Floudas & Hibbett (2015) , , Ortiz-Santana et al. (2013) and Sj€ okvist et al. (2012) . Additional relevant references are mentioned under the comments for each family. Under 'additional taxa' we list species of uncertain generic placement that have been confirmed to belong in each family. The study of the genuslevel taxonomy within each family falls out of the scope of the present paper, but in some particularly problematic cases (e.g. Phlebia s. lato,/antrodia) some comments are given, and generic types are highlighted in the respective figures.
We provide a short morphological characterization for each family, that is intended to apply to the majority of the species included in that family, but exceptions do occur in most cases. A morphological overview of all families recognized here is given in Table 2 .
Phanerochaetaceae J€ ulich 1981 (Fig 3) Synonym. Irpicaceae Spirin & Zmitr. 2003 (Fig 4) Type genus: Irpex Fr. Corticioid species or polypores; hyphal system monomitic; hyphae without clamp-connections; spores thin-walled, smooth, hyaline; cystidia often absent. More rarely dimitic and/or with cystidia and/or clamp-connections present. Producing a white-rot, except for one brown-rot genus (Leptoporus). families would not result in a more straightforward morphological grouping of these taxa. Microscopically, most members of the family are rather nondescript, with smooth hyaline spores, monomitic hyphal systems, non-clamped septa, and lack of cystidia, however exceptions to this pattern do exist (e.g. cystidia in Irpex, Emmia and others; clamp-connections in Gloeoporus and others), and this combination of characters occurs also outside the Irpicaceae. (Fig 5) . The genus Mycoaciella appears in an unsupported position together with Phlebia uda and Crustodontia chrysocreas in the analyses of Binder et al. (2013) . Additional available generic names for Phlebia s. lato include Crustodontia, Sarcodontia, and Lilaceophlebia. Extensive molecular sampling is essential to establish sound generic concepts in Phlebia s. lato. A representative example of the current inadequacy of generic concepts is the genus Lilaceophlebia. Of the 16 species recombined in this genus (Spirin & Zmitrovich 2004) , only one, Phlebia tuberculata, has been shown to be close to the type of Lilaceophlebia, and the two species that do appear close to the type in the phylogenies, Phlebia fascicularis and Phlebia aurea (Fig 5) , were never included in Lilaceophlebia. Binder et al. 2013) , not related to other species of the genus. The genus Rigidoporus is also polyphyletic, with the species-complex around R. vinctus placed in the Cerrenaceae and the type species, R. lineatus, and related taxa in the Meripilaceae. The Cerrenaceae is strongly supported as the sister group to the Panaceae (Fig 6) . Both Cerrena (Enebak & Blanchette 1989) to Podoscypha, and a second group, including the type C. elegans, on a distant position within/residual. The species of Cymatoderma sampled in our analyses is closely related to C. elegans and C. caperatum, based on nrLSU and nrITS sequences (data not shown), indicating that Cymatoderma s. stricto belongs in the Panaceae. The genus Panus represents an independent origin of the agaricoid habit in the Polyporales, the others being Lentinus and Neofavolus in the Polyporaceae (Seelan et al.
2015)
. Hyphodermataceae J€ ulich 1981 (Fig 6) Type genus: Hyphoderma Fr. Corticioid species; hyphal system monomitic; hyphae with clamp-connections; spores thin-walled, smooth, hyaline; cystidia present in most species. Producing a white-rot. Genera: Hyphoderma. Comments: The genus Hyphoderma as traditionally defined is polyphyletic, with c. 20 species now classified in Peniophorella in the Hymenochaetales (Larsson 2007) . The genera Hypochnicium and Bulbillomyces are consistently recovered as separate from Hyphoderma in our analyses: 3-gene (Fig 6) , ribosomalonly and rpb1-only (TreeBASE S20775). Alternative topologies for these genera have been recovered in the study of Larsson (2007) .
Meripilaceae J€ ulich 1981 (Fig 6) Synonym. Rigidoporaceae J€ ulich 1981. Type genus: Meripilus P. Karst. Polypores; hyphal system monomitic or dimitic; hyphae without clamp-connections; spores thin-walled to slightly thickwalled, often subglobose, smooth, hyaline; cystdia often present. Producing a white-rot. Genera: Physisporinus P. Karst., Rigidoporus Murrill. Comments: Additional species of Rigidoporus are placed in the Cerrenaceae. The names Meripilaceae and Rigidoporaceae have equal nomenclatural priority; the former is chosen here.
Podoscyphaceae D.A. Reid 1965 (Fig 6) Type genus: Podoscypha Pat. Pileate species with smooth, ridged, or poroid hymenophore; hyphal system dimitic or trimitic; hyphae with clampconnections; spores thin-walled, smooth, hyaline; cystidia often present. Producing a white-rot. In the broad sense adopted here (see comments) it also includes corticioid species, with monomitc hyphal systems, no clamp-connections, and thick-walled, ornamented spores. Genera: Abortiporus Murrill, Pouzaroporia Vampola. Additional taxa: Cymatoderma dendriticum (Pers.) D.A. Reid, Cymatoderma pallens Berthet & Boidin, Hypochnicium punctulatum (Cooke) J. Erikss., Hypochnicium sphaerosporum (H€ ohn. & Litsch.) J. Erikss., Hypochnicium wakefieldiae (Bres.) J. Erikss. Comments: The limits and composition of Podoscyphaceae need further study. As accepted here the family receives moderate to high support in the 3-gene analyses (73/1). In the ribosomal-only analyses the same topology is recovered but without strong support. In the rpb1-only analyses a similar topology is recovered, again without strong support, and Pouzaroporia is placed outside the family (TreeBASE S20775). The species of Hypochnicium included in the Podoscyphaceae do not appear closely related to the type species H. bombycinum. The name Podoscyphaceae could be adopted to include all families in/residual (Fig 6) but the morphological characterization of such a group would be even more problematic than the individual definition of each of the families recognized here. The extreme morphological variation within the Steccherinaceae ) makes it very difficult to characterize the family by means other than phylogeny and a certain predominance of morphological characters. However, recognizing the Steccherinaceae as a discrete group allows us to recognize several smaller families in/residual that are relatively easier to characterize in terms of morphology.
Additional/residual lineages (Fig 6) Genera: Bulbillomyces J€ ulich, Climacocystis Kotl. & Pouzar, Diplomitoporus Doma nski, Hypochnicium J. Erikss., Rickiopora Westphalen, Tom sovsk y & Rajchenb. Additional taxa: Phlebia bresadolae Parmasto. Comments: Two well-supported clades,/hypochnicium (Hypochnicium, Bulbillomyces) and/climacocystis (Climacocystis, Diplomitoporus), appear as sister-taxa but without strong support (Fig 6) . The relative position of these two clades is never well supported in the ribosomal-only, rpb1-only or 3-gene analyses, therefore we refrain from proposing any formal familylevel placement at this time. Based on the results of Binder et al. (2013) Phlebia bresadolae belongs in/climacocystis. The recently described genus Rickiopora is probably related to Climacocystis (Westphalen et al. 2016) .
slightly thick-walled, smooth, hyaline; cystidia mostly absent. Producing a brown-rot. Genera: Amyloporia Bondartsev & Singer ex Singer, Fibroporia Parmasto, Rhodonia Niemel€ a. Comments: The results presented here place Amyloporia and Fibroporia outside the Fomitopsidaceae, but the relations to each other and to the rest of/antrodia are not fully resolved at the moment. In previous studies different topologies have been recovered for both genera: (i) Fibroporia as sister to most of/antrodia, and Amyloporia included in the Fomitopsidaceae (Ortiz-Santana et al. 2013); (ii) Fibroporia and Amyloporia as sister-taxa, and grouped with Laricifomes Kotl. & Pouzar and Antrodia albobrunnea (Binder et al. 2013) ; (iii) Amyloporia, together with Laricifomes, Ryvardenia Rajchenb. and Gilbertsonia Parmasto in an unsupported position as sister to Fomitopsidaceae, and Fibroporia as sister to Piptoporellus (Han et al. 2016 ; nuclear ribosomal þ rpb2 dataset); (iv) Amyloporia and Fibroporia together with species of Postia s. lato (Han et al. 2016 , nuclear ribosomal þ mitochondrial ribosomal þ rpb2 þ tef1 dataset). For the time being we refrain from proposing any familylevel placement for Amyloporia, Fibroporia, Laricifomes, Ryvardenia, Gilbertsonia, and Piptoporellus. The name Laricifomitaceae J€ ulich, typified by Laricifomes, is available. The type species of Rhodonia (R. placenta) appears nested within Amyloporia s. lato, but at the moment it is not clear what is the best taxonomic solution for this group (one or multiple genera).
Dacryobolaceae J€ ulich 1981 (Fig 8) Type genus: Dacryobolus Fr. Polypores or corticioid species; hyphal system monomitic, more rarely di-or trimitic; hyphae with clamp-connections; spores thin-to thick-walled, smooth or rarely ornamented, hyaline; cystidia present or absent. Producing a brown-rot. Genera: Amylocystis Bondartsev & Singer ex Singer, Jahnoporus Nuss, Oligoporus Bref., Postia Fr., Spongiporus Murrill. Comments: In the phylogenies presented by Ortiz-Santana et al. (2013) and Binder et al. (2013) the genera Auriporia Ryvarden, Sarcoporia P. Karst., and Taiwanofungus Sheng H. Wu, Z.H. Yu, Y.C. Dai & C.H. Su, appear sometimes related to the genera here accepted as part of the Dacryobolaceae. In the present study Auriporia appears outside/antrodia (Fig 9) and Sarcoporia does not appear as closely related to the Dacryobolaceae (Fig 8) . The placement of these genera and Taiwanofungus, not sampled here, needs further study.
Sparassidaceae J€ ulich 1981 (Fig 8) Type genus: Sparassis Fr. Basidiomes consist of branched flabellae arising from a central core; hyphal system monomitic, with gloeoplerous hyphae; hyphae with scattered clamp-connections; spores thin-to slightly thick-walled, smooth, hyaline; cystidia mostly absent. Producing a brown-rot. Comments: The genus Sparassis appears as sister to the Laetiporaceae in the analyses of Ortiz-Santana et al. (2013) and Binder et al. (2013) , while in our analyses it appears in a more inclusive clade as sister to the Dacryobolaceae (Fig 8) , but neither placement is strongly supported. The genera Crustoderma Parmasto, Pycnoporellus Murrill, and Sarcoporia appear in our analysis in the same clade as Sparassis, but without strong support, and their placement in or out the Sparassidaceae needs to be confirmed in future studies.
Grifolaceae J€ ulich 1981 (Fig 9) Type genus: Grifola Fr. Polypores (stipitate-imbricate); hyphal system monomitic; hyphae with scattered clamp-connections; spores thin-walled, smooth, hyaline; cystidia absent. Producing a white-rot and acting as root parasites. Comments: Grifola consistently appears as sister to the Polyporaceae, although without strong support (Justo & Hibbett 2011; Binder et al. 2013) . The name Grifolaceae is accepted here to accommodate this genus.
Gelatoporiaceae Miettinen, Justo & Hibbett, fam. nov. (Fig 9) MycoBank No.: 820828 Diagnosis. Basidiomes resupinate. Hymenophore poroid. Hyphal system monomitc, rarely dimitic. Clamp-connections present. Spores hyaline, smooth, non-amyloid, non-dextrinoid, thinwalled, rarely slightly thick-walled. Cystidia absent, but characteristic cystidioles may be present. Mating system heterothallic, bi-or tetrapolar. Nuclear behaviour astatocoenocytic (as far as is known). Producing a white-rot. Type genus: Gelatoporia Niemel€ a, Karstenia 25: 22, 1985. Genera: Cinereomyces J€ ulich, Obba Miettinen & Rajchenb., Sebipora Miettinen. Comments: Miettinen & Rajchenberg (2012) introduced the name 'Cinereomyces clade' to accommodate a small group of white-rot polypores of uncertain position within the Polyporales. Further analyses by Binder et al. (2013) and the data presented here confirm that this clade represents a separate lineage from the Polyporaceae, which is formally described here as the family Gelatoporiaceae. For a detailed study of the genera in this family see Miettinen & Rajchenberg (2012) . In our analyses Mycoleptodonoides vassiljevae and Auriporia aurea appear close to the Gelatoporiaceae but without strong support. If the position of Auriporia is confirmed in future studies it would represent a third independent origin of brown-rot in the Polyporales, other than/antrodia and Leptoporus in the Irpicaceae.
Incrustoporiaceae J€ ulich 1981 (Fig 9) Type genus: Incrustoporia Doma nski. Polyporoid species; hyphal system dimitic, more rarely monomitic; hyphae with clamp-connections, rarely simple-septate; spores thin-walled, smooth, hyaline, relatively small; cystidia usually absent, but tips of generative hyphae at tube mouths commonly with rose-thorn encrustation. Producing a whiterot. Genera: Piloporia Niemel€ a, Skeletocutis Kotl. & Pouzar, Tyromyces P. Karst. Comments: The generic limits of Incrustoporia, Skeletocutis, and Tyromyces are not currently settled, and additional sampling of this clade is needed before a taxonomic arrangement can be put forward. Tyromyces merulinus (Berk.) G. Cunn. appears as sister to the Incrustoporiaceae, but this position only receives support in the Bayesian analyses and alternative placements for this species have been recovered.
Ischnodermataceae J€ ulich 1981 (Fig 9) Type genus: Ischnoderma P. Karst. Polypores; hyphal system dimitic, with hyphae tightly arranged; hyphae with clamp-connections; spores thinwalled, smooth, hyaline; cystidia absent. Producing a white-rot.
Comments: Our analyses confirm the rather isolated position of the genus Ischnoderma within the Polyporales recovered in previous phylogenies (Binder et al. 2013) . The monotypic family Ischodermataceae is adopted here for this genus. (Zhao et al. 2015) to accommodate the newly described genus Fragiliporia. The molecular phylogenies of these authors recover Fragiliporia in an isolated position within the Polyporales, possibly related to/phlebioid and/residual, but not included in either clade. We performed an analysis on an alternate version of our ribosomal-only dataset to include Fragiliporia, and it was recovered in an isolated, unsupported position as sister to Candelabrochaete africana (tree available at TreeBASE S20775). Fragiliporia is characterized by resupinate basidiomes; tubes being very soft when fresh, becoming brittle when dry (become almost powdery when bruised); monomitic hyphal system; common clampconnections; and thin-walled, hyaline basidiospores (Zhao et al. 2015) . Future studies should include rpb1 data to address the relations of Fragiliporia with Candelabrochaete africana and its position within the Polyporales. Hymenogrammaceae J€ ulich, 1981. The corticioid/poroid type species, Hymenogramme javensis Mont. & Berk., has few distinct morphological characters and has not been sequenced, leaving placement of this family as uncertain. Nigrofomitaceae J€ ulich, 1981. Currently there is only one nrITS sequence available (GenBank KT156704.1) for the type species of the type genus, Nigrofomes melanoporus (Mont.) Murrill. A BLAST search of this sequence does not yield any close relative in the Polyporales. Additional Nigrofomes sequences from Southeast Asia (Miettinen, unpublished data) 
Additional family names putatively belonging in the
Discussion
The classification of Polyporales presented here integrates results from prior analyses by members of the PolyPEET consortium (Justo & Hibbett 2011; OrtizSantana et al. 2013; Floudas & Hibbett 2015) with those of many other research groups (Kr€ uger & Gargas 2004; Spirin & Zmitrovich 2004; Sotome et al. 2008; Zhao et al. 2015; Han et al. 2016; Li et al. 2016) . The combination of rpb1 and ribosomal RNA genes provides robust resolution of many clades, including eighteen that are recognized here as families, but some nodes remain weakly supported and numerous taxa have yet to be sampled. In future studies addressing the family-level organization of the Polyporales, data for proteincoding genes, especially rpb1, should be routinely included. The classification proposed here provides a nomenclatural as well as phylogenetic framework that will facilitate further revision at all taxonomic levels within Polyporales, following the principles elucidated by Vellinga et al. (2015) .
Increased genome sampling will be necessary to resolve many nodes in Polyporales. It is hoped that this classification will help guide such efforts, such as the 1000 Fungal Genomes Project, which aims to sample at least two representatives of all families of fungi . Leaving aside the non-equivalence of taxa classified at the same rank, it is clear that genome sampling in Polyporales to date has not maximized phylogenetic diversity; the 46 Polyporales genomes currently available on the JGI MycoCosm portal represent only ten of the 18 families recognized here and three unplaced clades (Table 3) . Nine families or clades are represented by only one or two genomes, while the Polyporaceae is represented by 22 genomes (16 species).
In developing this classification, an effort has been made to name clades that can be recognized or described easily. However, many of the characters emphasized in prior taxonomy exhibit homoplasy and are poor predictors of higher-level evolutionary relationships within the Polyporales (Table 2) . Macromorphology of fruiting bodies, which was coded with three states for basidiomes form (pileate, stipitate or resupinate) and with four states for hymenophore configuration (poroid, daedaleoid/lamellate, smooth, or hydnoid), is particularly variable. Fourteen families have two or three different basidiome types, with twelve containing both pileate (sessile) and resupinate forms. Fifteen families contain species with poroid hymenophores, which is the most common configuration, whereas daedaleoid/lamellate and smooth hymenophores each occur in nine families; twelve families have at least two different hymenophore types. Similar variation is evident in the diversity of hyphal systems (monomitc, dimitic, or trimitic), which affect the consistency and longevity of fruiting bodies. Fifteen families contain dimitic or trimitic hyphal systems, which confer tough, resilient fruiting bodies, but fifteen families contain monomitic forms, and eleven families have at least two kinds of hyphal systems. The fruiting bodies of Polyporales may be massive or minute, ephemeral or perennial, and they can be produced in diverse locations, including the tops, sides, or bottoms of fallen logs, on standing tree trunks, small woody debris, or soil. The diversity of macromorphology and hyphal construction in Polyporales reflects a dynamic history of morphological evolution, as lineages have adapted to the challenges of spore dispersal under different environmental conditions and on diverse substrates.
Decay mode is one of the most stable characters in Polyporales, and has been used as the basis for segregating genera (Gilbertson & Ryvarden 1986; Ryvarden 1991) . The majority of Polyporales produce a white-rot, which is the plesiomorphic condition for the group (Floudas et al. 2012) , with only two confirmed transitions to a brown-rot (/antrodia and Leptoporus), and a possible third represented by Auriporia (Fig 9) . The eight brown-rot genomes currently available all represent members of/antrodia. It will be interesting to see if the dramatic reduction in the lignocellulolytic apparatus observed in Rhodonia (Postia) placenta and other brown-rot members of/antrodia also occurs in Leptoporus and Auriporia.
Rot type can be inferred from direct examination of wood substrates or from cultural tests, and it is regularly reported for species of Polyporales and other wood-decay fungi (Nobles 1965; Gilbertson & Ryvarden 1986 ). In contrast, determination of mating systems requires laborious crossing experiments using single-spore isolates, and this character is not nearly as well documented as decay mode. Nevertheless, even with limited taxon sampling, mating type appears to be highly labile; nine or ten families include bipolar species, ten or eleven families contain tetrapolar species, and two or three families have both modes represented (Table 2) . James et al. (2013) described the genetic architecture underlying tetrapolar and bipolar mating systems based on a sample of ten Polyporales genomes representing seven of the eighteen families recognized here. Expanded genome sampling will make it possible to test the generality of their conclusions, including the putative irreversibility of transitions from tetrapolar to bipolar mating systems.
Nuclear behaviour in the Polyporales has been analysed in detail by Rajchenberg (2011) , and it includes the number of nuclei present in a fungus at different phases of its life cycle, the production of basidiospores, the production of germinating basidiospores, production of the hyphal cells of the primary (monosporic) mycelium, production of the hyphal cells of the secondary (polyspore or tissue) mycelium and the variation in number of nuclei under different oxygen pressures. Other characters that have been discussed in the context of Polyporales taxonomy include features of spores (staining, pigmentation, wall thickness, and ornamentation), cystidia, and clamp connections ( Table 2 ). The genetic bases and selective significance of these characters are obscure.
